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I 
 
 
Abstract 
 
In this thesis, a parametric study was performed for four core designs of Sodium Fast Reactors 
(SFRs) in two different sizes: the large core of 3600 MWth with oxide or carbide fuel, and the 
medium core of 1000 MWth with oxide or metallic fuel. The Monte Carlo code SERPENT is 
chosen in the simulations, and the following global safety parameters are calculated at the 
beginning and end of cycle: 
- core multiplication factor; 
- sodium void worth; 
- Doppler constant; 
- effective delayed neutron fraction; 
- control rod worth; 
- average nuclide concentrations for end of equilibrium cycle;  
- radial power distribution. 
The calculated results show that the four cores remain slightly supercritical through the whole 
equilibrium cycle, with the multiplication factors being close to unity. The sodium void worth 
increases as the burnup is taking place. The Doppler constants are quite different for the four 
cores, ranging from -1.2 (EOC of metallic core and BOC of carbide core) to -2.1 (BOC of oxide 
core). The effective delayed neutron fractions are similar for all the four cores. The control rod 
worth for the medium cores is much higher than that of the large cores, due the greater ratio of 
control assemblies to driver assemblies in in the medium cores. The data of average nuclide 
concentrations at EOC indicate that the transuranics conversion ratios in the large cores are 
greater than those in the medium cores. Over time the power tends to increase in the inner core 
and keeps constant or decreasing in the outer core. 
The library of cross sections appears to have a significant impact on the simulated results. This 
implies the importance of having the right data for the cross sections. 
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Chapter 1 
Introduction 
 
1.1 Fast Reactors 
The Generation IV International Forum (GIF) is an organization with participation of different 
countries. Its goal is to research and develop new types of reactors called Generation IV, which 
are a technological step ahead of their predecessors, the Generation III. Most of the reactors being 
developed are not expected to work commercially before 2030. 
One of the reactors being developed is the Sodium-Cooled Fast Reactor (SFR). The main 
characteristic of this reactor is that the fissions take place in a fast neutron spectrum, meaning that 
it doesn't have or need moderator. As a consequence, it cannot have water as coolant, because of 
its moderating properties. The solution given this case is to use liquid sodium instead of water. 
The fast neutron spectrum has lower cross sections compared to the thermal spectrum. This 
implies two things: first of all, the reactor needs a bigger critical mass, and this translates into 
more fuel enrichment, which is a problem regarding proliferation; the second consequence is that 
there are going to be more excess neutrons in the core, and you can use those excess neutrons to 
“breed” new fuel. 
The main idea of a fast reactor is not only to produce energy, but also treat the fuel at the same 
time. Besides energy production, a fast reactor can work in two fundamental modes: breeding and 
burning.  
In the breeding mode, there is usually critical fuel at the center of the core, and fertile blankets 
around it. These fertile blankets are usually made of natural or depleted Uranium, which is mainly 
U-238, and which through some absorptions and decays transforms into the fissile Pu-239.  
In the burning mode, the fertile blankets are substituted by reflectors and the fuel at the center 
is treated depleted fuel. The objective of burning the fuel is mainly to get rid of Pu-239 and Np-
237, two isotopes that are very inconvenient in the nuclear waste. Without them, the half life of 
this waste can be reduced dramatically, from thousands to hundreds of years. 
Table 1: Transuranics conversion ratio and modes  
Conversion 
Ratio 
Mode Comments 
<1 Burner 
Consumes fissile elements; useful 
for reducing nuclear waste 
1 Converter Consumption equals production 
>1 Breeder Produces new fissile transuranics 
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The rate at which the fuel transmutes in a fast reactor core can be characterised by a 
parameter called the Transuranics Conversion Ratio. This parameter tells the ratio of transuranics 
being produced divided by the transuranics being transformed into fiss ion products. The mode at 
which a reactor works can be determined by this parameter. This can be seen in table 1. 
Fast reactors allow the existence of a closed fuel cycle. Used fuel in LWRs can be separated 
chemically and treated in a way to be usable by Fast Reactors. The fission products are thrown 
away, and the rest enters this fuel cycle. Once it enters, in theory, it can be used over and over 
until it transforms totally into fission products.  In figure 1, the fast reactor is substituted by an 
ABR. Note that not all ABRs have to be fast reactors, but the idea behind its cycle is the same.         
Closed cycles, and wasted fuel re-usage in general, have the problem of proliferation. In some 
countries, like the United States, it is forbidden. In a chemical separation of a burned fuel, there is 
a possibility that the Plutonium is used for weapons purposes by terrorists. The Plutonium in a 
burned fuel has some amount of the isotope Pu-240, more if the burnup is long. This isotope 
makes it very difficult to build nuclear weapons, although not impossible. It is important, 
therefore, that the burnups are as long as possible before they go into treatment.  
 
Figure 1: Fuel cycle for Advanced Burner Reactors 
 
1.1.1 Sodium Fast Reactors 
Water cannot be used in a sodium fast reactor due to its moderation capabilities. Therefore, 
different coolant materials have been proposed and sometimes used. Liquid metal is usually the 
best choice due to its high heat conductivity, but metals usually have a high melting point. For 
that reason, sodium is one of the best choices because it has a relatively low melting point. Also, 
the boiling point is higher than the operating temperature of the reactor. For this reason, SFRs 
don’t need to be pressurized; they can work at almost ambient pressure. 
The main drawback of sodium is that it reacts spontaneously with water and air, so it has to be 
designed in a way that this doesn’t happen. One safety design is to implement a second sodium 
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loop between the main core loop and the turbine water loop, so that, in case of contact between 
sodium and water, it does not damage the main core. It also has to be totally isolated from air.  
Another safety concern is that, unlike water, it doesn’t moderate, so when it boils, the 
criticality of the reactor doesn’t decrease, but in fact, increases. In other words, the void 
coefficient of the coolant is positive. This has to be countered by other negative temperature 
feedbacks. 
 
1.2 Monte Carlo method 
A Monte Carlo method is an algorithm that uses random or pseudo-random numbers to solve a 
deterministic problem or equation.  This algorithm generally consists of generating random 
numbers within a domain, and then calculating a result with a deterministic equation. These types 
of methods are a good way to make calculations with a big number of coupled degrees of 
freedom. The reason is that it simplifies the definition of a problem and allows a computer to do 
all the work, and also because the uncertainty is lower for the same computation time compared 
to other methods. 
The term “simulation” is often used when talking about calculations with Monte Carlo 
algorithms, but it is not technically correct. A distinction between the term simulation and Monte 
Carlo has to be made. A simulation is just an imitation of reality that is done in order to see how 
the experiment behaves. When something is calculated and random numbers are used, it is then a 
Monte Carlo method. Some authors use the term “Monte Carlo simulation” due to the similarities 
between them, but in order to differentiate from a plain simulation.  
Monte Carlo codes are very suitable for neutron transport calculations, due to the fact that 
neutrons don’t interact with each other. This allows the calculation to be based on one neutron at a 
time. These types of codes are usually based on cycles, and every cycle consists of a fixed 
number of neutrons that run one by one.  
Each neutron starts in a particular position, and a random number is sampled to determine the 
direction of movement. Another random number will be used to determine the path length. When 
the path length is over, the neutron will interact with a nucleus, and more random numbers will be 
sampled to determine the interaction that it will undergo. This will continue until the interaction 
makes the neutron disappear. Once that happens, another neutron will appear and start the same 
process. Every full path of a neutron from creation to disappearance is called a neutron history.  
A cycle is a fixed number of neutron histories. Every time a cycle ends, another one begins 
with the neutrons placed in the positions where the previous cycle created them. Different data is 
scored between cycles and this data is used at the end of the calculation to get some results. 
 
1.3 Objectives of this thesis 
The main objective of this thesis is to obtain some safety-related parameters for four different 
cores of sodium fast reactors (SFRs). These cores and parameters are defined by a group of 
experts (Blanchet et al. 2011) working on the SFRs in  the Generation IV International Forum 
(GIF). As a benchmark exercise, calculations with different codes will be performed by different 
participants in the world.  
 
The SERPENT code is chosen in the present study to characterize  the global parameters and 
feedback coefficients (e.g., K-eff, power distributions, control rob worth, void and Doppler 
effects) of neutronics. 
-  
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Chapter 2 
 
Core definitions 
 
Calculations have been made for 4 different cores. Two of them are large and the other two are 
smaller. The information provided is basically the dimensions of each assembly type, the 
composition of the materials at each zone and the average temperatures of each medium.  
The cores have the shape of a hexagonal prism, and so do the subassemblies inside of them. 
There are four types of subassemblies: fuel, control, absorber and reflector. Fuel subassemblies 
consist of an outer cladding made of steel and a lattice of round tubes that contain fuel and other 
materials. The other subassemblies are similar, but contain absorber materials for the absorber and 
the control subassemblies, and reflective steel for the reflector subassembly. The difference 
between absorber and control is that the control subassembly has a mobile part that can be 
inserted or withdrawn from the core. 
 
2.1 Large size cores 
The two large cores are very similar in geometry and compositions, but have slight differences 
that make them two completely different cores. Both cores have a thermal power of 3600 MW. 
The burnup cycle is 410 days for the oxide core and 500 days for the carbide core. 
 
2.1.1 Carbide core 
The carbide core consists of two types of fuel subassemblies and an outer wall of reflectors.  The 
inner core subassemblies cover the center and most of the core surface, and the outer core has 
only 3 rows. The difference between the inner core and outer core subassemblies is the fuel 
composition. There are two types of control subassemblies: primary and secondary. The 
difference is not in their composition, but in their geometry. 
The fuel subassembly consists of a hexagonal tube that contains a lattice of round tubes. The 
hexagonal tube is made of EM10-like steel, and the inner tubes are made of Oxide Strengthened 
Steel (ODS).  The inner tubes contain three types of materials: EM10 steel, helium and (U,Pu)C 
fuel. The dimensions are presented in figure 3. 
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Figure 2: Large carbide core 
 
 
 
Figure 3: Large carbide core fuel assembly 
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2.1.2 Oxide core 
The oxide core has a very similar configuration when compared to the carbide core.  There are the 
same types of subassemblies, but these are configured in a different way. The outer core occupies 
1 more row, and the position of the control subassemblies is different. 
 
Figure 4: Large oxide core 
 
The fuel subassembly has the same configuration than the carbide core, but the dimensions 
are different and there are fewer pins in the tube lattice. The fuel is made of (U,Pu)O2. 
 
Figure 5: Large oxide core fuel assembly 
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2.1.3 Control rod and radial reflector design 
There are two types of control subassemblies: primary and secondary. The primary has a 
hexagonal shaped inner cladding that contains the lattice, while in the secondary it is round-
shaped. Both cores use the same type of subassemblies, but each one has slight differences. The 
absorber height is the same for both systems, and is 100.56 cm, the same height than the active 
core. The rest is an empty duct filled with sodium.  In the normal core operation, the absorbers 
remain at the top of the active core zone, and when they are inserted, they occupy the same space 
than the active core in their respective duct. 
In figure 6, the dimensions for the primary control are presented. The numbers at the left of 
the slash belong to the oxide core, and at the right to the carbide core.  
 
Figure 6: Primary control subassembly  
 
The same applies for the secondary control. The dimensions can be seen in figure 7. 
 
Figure 7: Secondary control subassembly 
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For the radial reflector, a homogeneous medium made of EM10 is supposed. The volume 
fractions are 26% for sodium and 74% for EM10.  
 
2.1.4 Material description 
2.1.4.1 Fuel materials 
The fuel composition is a mixture of depleted Uranium, Plutonium, Neptunium, Americium and 
Curium, plus some Molybdenum to account for the fission products. The oxide core has all that 
mixed with Oxygen, and the carbide core is mixed with Carbon.  
 
2.1.4.2 Structure, coolant and absorber materials  
Both cores use the same material compositions for everything that is not fuel. The ducts are made 
of EM10 steel, which is mainly steel with some Chrome, Silicium, Titanium and other materials. 
The cladding is made of ODS steel, that is made of steel, Chrome, Phosphor and other materials. 
The coolant is made of Sodium. The control rods are made of a mixture between Carbon and 
Boron. The primary system has natural Boron, and the secondary is enriched. 
 
2.2 Medium size cores 
The two medium size cores are design concepts for ABRs (Advanced Burner Reactors). The idea 
behind those designs is to allow the interchange of fuel drivers between those two. For that 
reason, most materials and dimensions are the same for both cores. Their power is 1000 MWth 
and the burnup cycle is 328.5 days. 
 
2.2.1 Metallic core 
The metallic core is composed of two types of fuel subassemblies: inner and outer. The inner 
subassemblies occupy most of the center area of the core, and the outer subassemblies occupy 3 
rows that surround the inner core. Surrounding the outer core there are two rows of reflector, and 
around it there is one row of shield. There are two types of control rods: primary and secondary.  
 
Figure 8: Metallic core 
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The dimensions of the different types of assemblies can be seen in figures 9 – 12. 
 
Figure 9: Metallic core fuel subassembly 
 
Figure 10: Metallic core reflector subassembly 
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Figure 11: Metallic core shield subassembly 
 
Figure 12: Metallic core control subassembly 
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2.2.1.1 Material description for the metallic core  
There is a specific material used for the lower structure of the subassemblies, which is a mixture 
of SS-316 and sodium, the rest of the structural materials are HT-9. Both steels contain Chrome, 
Nickel and other metals. The coolant is Sodium. The control rods have a mixture of Carbon and 
enriched Boron, and for the radial shields it's the same but with natural Boron. 
For the fuel, the composition is very similar to that of the large cores, but the main component 
is Zirconium. 
 
2.2.2 Oxide core 
As was said previously, both cores use the same materials except for the fuel. The only difference 
in this core is that, instead of two fuel zones, there are three. The inner core is smaller, letting 
space for three rows of the middle core, and one row for the outer core. The rest of assemblies 
have the same position as with the metallic core.  
 
Figure 13: Medium oxide core  
 
Figures 14 - 17 illustrate the different types of subassemblies. 
 
2.2.2.1 Material compositions  
The structural materials, the coolant and the absorbers have the exact same material compositions 
as the metallic core. For the fuel, the composition is very similar, substituting Zirconium for 
Oxygen. 
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Figure 14: Medium oxide core fuel subassembly  
 
Figure 15: Medium oxide core reflector subassembly 
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Figure 16: Medium oxide core shield subassembly 
 
Figure 17: Medium oxide core control subassembly 
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Chapter 3 
Serpent 
 
Serpent is a Monte Carlo code used to calculate different parameters in neutron transport 
problems. It was developed and is supported by Jaakko Leppänen, doctor of science from the 
Helsinki University of Technology (this program was, in fact, part of his PhD dissertation). 
Serpent is very similar to the code MCNP. It also specialises in constant group generation. 
Serpent has been through a lot of changes since its release, and now is capable of things that it 
wasn’t at the beginning, i.e. burnup calculations. 
The Serpent program runs in Linux operative systems. It has the capability to use parallel 
calculations, which is running the same input in different computers or different cores in the same 
computer. This is possible due to the linearity of the algorithm used in monte carlo calculations.  
Serpent doesn’t have a user visual interface. Everything runs from the command line. To run a 
simulation, an input file has to be made. Then this input is run through a command in the 
terminal, and at the end of the calculation some output files appear. Apart from this input files, 
Serpent also needs library files. Those library files usually come with the Serpent distribution, but 
can also be found on the internet. 
 
3.1 Input file 
Most of the work when doing a calculation is to build an input file with all the information about 
the core and the characteristics of the simulation. A lot of things have to be included in this input 
file. The most important and time-consuming things are the geometry and the materials 
information. There has to be also information about the number of neutrons and the number of 
cycles. Other information is optional, like the output files wanted or some calculation options for 
optimising the simulation.  
Figure 18 shows the beginning of one of the input files for the Medium Size Metallic Core. 
Everything that is behind a % sign is not read by Serpent, it is just there as information for a 
human reader.  
The inputs work with “cards”. A “card” is a command that tells Serpent what the following 
information is going to be. In the example it is written for example “set title” followed by a string 
of characters. This tells Serpent that we want the title of the simulation to be that string (the title 
will be shown when simulating). Other cards that can be seen are “surf”, that defines a surface for 
the geometry, and “cell”, that defines a cell. The meaning of those will be discussed later. 
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Figure 18: Serpent input example 
 
3.2 Building the geometry 
Serpent is a universe-based code. A universe is defined as a part of the geometry that includes 
other universes inside of it. To build a repetitive geometry, a small universe will be defined. Then, 
inside the “main” universe, this small one can be included in a repetitive way. Like said before, 
universes are hierarchic, which means that there is a “parent” universe, and inside of it there are 
other universes, and at the same time, inside of those there are others, etc. Different options can 
be used to define universes. 
 
3.2.1 Lattices 
A lattice is a grid of universes. A lattice is defined by a numerical map. Figure 19  illustrates the 
geometry that can be built with the lattice card: 
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Figure 19: Lattice in the assembly 
 
It is a hexagonal lattice with 10 pin at each side, 271 pins in total. The way a lattice like this is 
built in the input is in a way like figure 20. 
 
Figure 20: Lattice example in Serpent  
 
“Lat” is the card for lattice building. The number 12 is the universe number that is given to 
that lattice. The following numbers are the type, position and pin to pin distance. Below that, a 
23x23 number square can be seen. This square is displaced with one space character at every line 
so that the real shape of the hexagon can be seen, although this is not necessary. Universe 20 has 
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been defined previously as a fuel pin, and universe 7 is a universe filled with sodium. Note that 
the outer wall of cladding is not present here. To build the cladding, a cell will be needed. 
 
3.2.2 Materials 
To set the materials, the card “mat” is used. It has to be followed by a name, then information 
about the isotopic composition. This composition can be given in different units. In this 
benchmark, the units used are atoms/barn-cm, which is the atomic density. An example of a 
material card is given in figure 21. 
 
Figure 21: Material card in Serpent example 
 
Fuel is the name, 0 indicates that the total density is the sum of the isotopic densities. “tmp 
807.15” indicates the temperature of this material during operation. The following list indicates 
each isotope followed by the atomic density. The isotopes names are written in the way that the 
library needs them. 
 
3.2.3 Options 
Some options are important in a basic input build. The most common is the population option. A 
typical population setting looks like this: 
 
set pop 5000 1000 100 
 
When setting the population, 3 different numbers are to be set. First, there is the neutron 
population. The 5000 indicates that at each cycles, 5000 neutrons are going to be simulated. 
Serpent runs every cycle with the same number of neutrons, whatever the multiplication factor is. 
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Usually the number of neutrons increases or decreases at every cycle, so Serpent adds or destroys 
neutrons in order to maintain always the same number. 
The number 1000 indicates the number of active cycles, and the number 100, the inactive 
ones. Both are exactly the same, but the inactive ones don’t count for scores. The inactive cycles 
are used to distribute neutrons through the geometry so that the calculations are more accurate. 
Other options are used as well. One of them is the plotting capability of serpent. It can plot 
sections of the geometry.  A typical plot command looks like this: 
 
plot 3 7000 7000 170 
 
Where 3 is the x-y plane, the two 7000 are the resolution of the picture and 170 is the z height 
of the section. Figure 22 illustrates the output of this plot: 
 
Figure 22: Serpent plot example 
 
The full metallic medium core can be seen, with a section in the active core. A different colour 
has been given to each material  
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Another important option is the burnup, which means that serpent will repeat a simulation a 
given number of times, burning the fuel at each so that the composition changes. This pretends to 
emulate the real working conditions of a reactor over time. The following example shows a 
typical burnup: 
 
dep daytot 
 
1 
5 
10 
15 
20 
25 
30 
40 
50 
60 
80 
100 
120 
140 
180 
220 
260 
300 
328.5 
 
“Dep” is the card. Daytot means that the numbers given are the total amount of time spent in 
the core. This burnup takes a total of 328.5 days, which is the time used for the medium size 
cores. It is important to note that a burnup calculation is very time-consuming, because is like 
repeating a steady state simulation over and over. For this reason, a limited number of steps have 
to be taken. 
 
3.3 Running Serpent 
When running Serpent, a command must be executed, followed by the input file that is to be 
calculated. If not specified otherwise, the program will be run in only one core. The Serpent 
program must be compiled previously to be able to run simulations. Also, the executable file can 
be added to the executables directory in Linux. Once this is done, the command to execute an 
input looks like this: 
 
sss input  
 
where input must be replaced by the name of the file. Once this is done, a series of data will 
be shown on screen until the calculation is over.  
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The execution of the program will first calculate some materials and geometry parameters. 
Then, it will start with the inactive cycles, and once it is done, it will start with the active cycles. 
These 3 steps can be seen in figures 23 – 25. 
 
Figure 23: Serpent initial calculations example 
 
 
Figure 24: Serpent inactive cycle calculations example 
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Figure 25: Serpent active cycles calculation example 
 
Once the calculation is over, a message will be shown telling that the calculation has finished, 
and will return to the command line of the terminal.  
To run more than one simulation, they have to be run in the background so that the command 
line is always available. To do that, the command “nohup” can be used. In the command line it 
has to look like this: 
 
nohup sss input & 
 
This way, the simulations will be run in the background and the information will be saved in a 
file in the same folder. 
 
3.4 Output files 
Serpent creates different output files at the end of the calculation. The most important one is 
called “input_res.m”, where “input” is the name of the input file. This file gives detailed 
information about the calculation, like the multiplication factor, the delayed neutron fraction, 
fission fraction, six factor formula, burnup information, etc. Figure 26  illustrates a typical output 
file. 
In the picture, ANA_KEFF and IMP_KEFF are two ways of calculating the multiplication 
factor. The value is approximately 1.023, and the number that follows is the standard deviation.  
There is other important information that comes in other files. Most important one might be 
the isotopic composition at the end of a burnup, which has to be called specially in the input file.  
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Figure 26: Serpent output file example 
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Chapter 4 
 
Method 
 
The computer used to make the calculations is a 4 core workstation. The cores are Intel Xeon 
5130 with a power of 2 Ghz each one. With this machine, the mean time for a steady state 
calculation is about 2 hours, and for a burnup calculation is about 3 days. The Serpent version 
used has been 1.1.17. 
 
4.1 Input file 
All cores have been built mostly the same way. Lattice universes have been used to build the main 
core, as well as each subassembly. To build the subassembly pins, a mix has been used between 
pin universes and cell universes, which has saved a lot of space and time.  
Different options have been used for different purposes. The option “egrid” has been used to 
limit the memory usage of the computer, which exceeded the maximum, and also allowed to 
make different calculations in parallel. The option “set bc” has been used in order to set the 
boundary conditions so that the neutrons going away from the core are set to leak and are lost.  
For every core, 9 different input files have been used. First, there is a file for the burnup of the 
core, then the rest are steady state. The burnup had the objective of obtaining the isotope 
composition of the fuel at the end of equilibrium cycle (EOC). Of the 8 remaining, they are 
mirrored 4 and 4, so that each one has a replica for BOC and for EOC. There was then 4 types of 
steady state simulation. One was the normal conditions simulation to obtain most of the data, then 
one with the fuel temperature doubled to obtain the Doppler coefficient, one with the active core’s 
sodium voided in order to obtain the void coefficient, and one more with the control rods 
introduced totally in order to obtain the rod worth. 
Each simulation has been performed twice, one for each library. The two libraries used have 
been ENDF/B-VII and Jeff3.1.1. The reason for using two different libraries was to contrast the 
results so that they don’t get biased because of the library used. There is no library which use 
guarantees that the calculations will be perfectly accurate. Serpent sometimes has to deal with 
problems regarding values not present for some energy, or negative energies, or some other type 
of errors. It is good then to use different libraries. 
 
4.2 Validation of results  
The results given by Serpent are mainly mean values with their respective standard deviation. 
Their accuracy depends mostly on the number of neutron histories performed, and this is 
regulated by setting the population in the input. With the option “set pop”, which is mandatory for 
every calculation, one can set the number of neutrons in every cycle, as well as the number of 
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active and inactive cycles. Note that the number of histories is the product of neutrons by number 
of cycles. 
When performing a validity test, different calculations are run with increasing number of 
neutron histories, in order to watch a possible convergence in mean values and choose one 
number of histories that is reasonable in terms of calculation time. A very big number of neutron 
histories will give very accurate results, but the calculation time would be too long.  
The main problem when setting the number of histories is that it is a combination of three 
values, as said before. In order to get good convergence results, different tests have been 
performed to each of the variables.  
The value used to look for convergence was the k-eff, or multiplication factor. There are 2 
different k-effs at each calculation, the analogue k-eff and the implicit k-eff. Each one is 
calculated in a different way by Serpent, and results are usually slightly different. To make 
convergence tests, both values have been used. For the results section, only the analogue one was 
used. Both values are supposed to be statistically the same, and they are usually within 70% of 
confidence interval, although sometimes they show some bias. 
Figure 27 shows a test with 2000 cycles. There is an oscillation on the first 400 cycles, and 
then it starts to converge. One can say that at 750 cycles the convergence starts to be optimal. To 
have a safe margin, 1000 cycles has been chosen as a fixed value for all the calculations in this 
benchmark. 
 
Figure 27: Active cycles convergence test 
 
To choose the number of inactive cycles, the parameter observed was the Shannon Entropy. 
Figure 28 is a graph representing the evolution of the Shannon Entropy of the neutrons over 1000 
cycles. 
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Figure 28: Inactive cycles convergence test 
 
There is a tendency to convergence, but the noise is constant and doesn't seem to diminish. 
There is only a small bias at the starting cycles, and for that reason, a safe number of 100 inactive 
cycles has been chosen. 
To choose a good neutronic population value, a series of tests with increasing number of 
neutrons and fixed number of cycles have been performed. The results are shown in figures 29 
and 30, one for the analogue k-eff and one for the implicit k-eff. 
In these figures, the standard deviation can be seen as dots of different shapes above and 
beyond the average value for each neutron population number. The standard deviation is written 
as 2*stdev, meaning two times the standard deviation, or 95% confidence interval. The graphs 
show an oscillation at the beginning followed by a fast recovery and a tendency to converge. The 
final choice has been 5000 neutrons, due to the fact that increasing it doesn't show any important 
improvement in the results.  
 
28           4.2 Validation of results  
 
 
 
 
Figure 29: Neutron source convergence test, implicit k-eff 
 
 
Figure 30: Neutron source convergence test, analogue k-eff 
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Chapter 5 
 
Results and discussion 
 
 
The Generation IV International Forum defines a list of parameters required as results for the 
calculations of the 4 SFR cores. The following is a list of all these parameters: 
 Core multiplication factor (k-eff) 
 Sodium void worth 
 Doppler constant 
 Effective delayed neutron fraction 
 Average nuclide concentrations for end of equilibrium cycle  
 Radial power distribution (integrated over Z for active core length only)  
 Control rod worth for all rods totally inserted 
The units used in the tables are mostly given in dollars, as a request from the OECD. 
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5.1 Core multiplication factor 
ENDFB/V-VII library 
Table 2:Core multiplication factor for ENDF library 
 
Large Core (3600 MWth) Medium Core (1000 MWth) 
 
Carbide Core Oxide Core Metallic Core Oxide Core 
BOC 1.0170 1.0398 1.0334 1.0242 
EOC 1.0262 1.0430 1.0098 1.0063 
 
JEFF-3.1.1 library 
Table 3: Core multiplication library for JEFF library 
 
Large Core (3600 MWth) Medium Core (1000 MWth) 
 
Carbide Core Oxide Core Metallic Core Oxide Core 
BOC 1.0199 1.0452 1.0440 1.0311 
EOC 1.0304 1.0451 1.0193 1.0119 
 
From these values, it can be seen that the 4 cores remain slightly supercritical through the 
whole equilibrium cycle. The values are all reasonable from a design perspective, so it can be 
assumed that Serpent has the capability to make calculations with results not very biased. It can 
also be seen that values given by JEFF-3.1.1 library are slightly higher than ENDF/B-VII values. 
Given that these cores have the possibility to breed fuel, the multiplication factor increasing 
from BOC to EOC doesn’t seem unreasonable. It can be seen that, for the carbide core, the 
criticality increases over time. For the oxide core, it remains on the same value, and the medium 
cores have a decreasing value. It can be guessed that, for the large cores, the transuranics 
conversion ratio is going to be positive or close to one. For the medium size cores, on the other 
hand, it will be negative. The transuranics conversion ratio will be discussed in further sections.  
 
 
 
 
 
 
 
 
Results and discussion   31
  
 
 
 
5.2 Sodium Void Worth ($) 
ENDFB/V-VII library 
 
Table 4: Sodium void worth for ENDF library 
 
Large Core (3600 MWth) Medium Core (1000 MWth) 
 Carbide Core Oxide Core Metallic Core Oxide Core 
BOC 3.0932 3.0593 5.2443 5.1300 
EOC 4.4481 3.1733 5.5677 5.0085 
 
JEFF-3.1.1 library 
Table 5: Sodium void worth for JEFF library 
  Large Core (3600 MWth) Medium Core (1000 MWth) 
  Carbide Core Oxide Core Metallic Core Oxide Core 
BOC 3.8340 2.6461 4.5088 4.3783 
EOC 4.3332 3.4979 4.8886 4.8308 
 
With a first look at the data one can tell that in general, the void coefficient increases as the 
burnup takes place. This can be due to different variables.  
One of the reasons could be the americium. As americium increases in a core, so does the 
void coefficient. The reason is that, because of the disappearance of sodium, there is less 
moderation (sodium has a small moderation effect) and the spectrum hardens. The americium has 
a particular cross section that increases as neutron energy increases, so the reactor becomes more 
critical when there are more fast neutrons. 
Americium is not the only reasons why the void coefficient can increase. There are two main 
components in this phenomenon: spectrum hardening and leakage. The spectrum hardening is 
what has been discussed in the previous paragraph, but there is also a lot of neutron leakage due 
to the geometry of the reactor. Smaller reactors tend to have more leakage than the bigger ones. 
This leakage can be complex to determine and it can change from BOC to EOC, so with only the 
americium change one cannot say for sure if the void coefficient is going to increase or not. 
 
 
 
 
 
32             
 
 
 
 
5.3 Doppler constant (  ) 
ENDFB/V-VII library 
Table 6: Doppler constant for ENDF library 
 
Large Core (3600 MWth) Medium Core (1000 MWth) 
 Carbide Core Oxide Core Metallic Core Oxide Core 
BOC -2.3796 -1.7139 -0.6232 -1.5162 
EOC -1.9987 -2.3317 -1.0017 -1.8175 
 
JEFF-3.1.1 library 
Table 7: Doppler constant for JEFF library 
  Large Core (3600 MWth) Medium Core (1000 MWth) 
  Carbide Core Oxide Core Metallic Core Oxide Core 
BOC -1.2075 -2.0835 -1.1969 -2.0553 
EOC -1.8287 -1.7955 -1.1197 -2.0570 
 
The Doppler coefficient, in general, decreases over time because of the decrease of Uranium-
238 and increase in Plutonium-240, and also because of the deformation by mechanical creep of 
the claddings.  
In this case, one cannot say whether the Doppler coefficient increases or decreases. The 
reason is that there is a lot of variability due to the values being close between them and close to 
zero.  The standard deviation is high due to the error propagation, being around 0.5 for a 75% 
confidence interval.  
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5.4 Effective delayed neutron fraction 
ENDFB/V-VII library 
Table 8: Effective delayed neutron fraction for ENDF library 
 
Large Core (3600 MWth) Medium Core (1000 MWth) 
 Carbide Core Oxide Core Metallic Core Oxide Core 
BOC 0.0037 0.0036 0.0033 0.0032 
EOC 0.0036 0.0035 0.0033 0.0032 
 
JEFF-3.1.1 library 
Table 9: Effective delayed neutron fraction for JEFF library 
  Large Core (3600 MWth) Medium Core (1000 MWth) 
  Carbide Core Oxide Core Metallic Core Oxide Core 
BOC 0.0039 0.0037 0.0034 0.0033 
EOC 0.0037 0.0036 0.0035 0.0033 
 
The multiplication factor showed signs that the large cores had a higher transuranics 
conversion ratio than the medium ones, and so does the effective delayed neutron fraction. 
Typically, cores with higher conversion ratio (and thus, lower TRU/HM enrichment) have a 
higher delayed neutron fraction. 
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5.5 Control rod worth 
ENDFB/V-VII library 
Table 10: Control rod worth for ENDF library 
 
Large Core (3600 MWth) Medium Core (1000 MWth) 
 Carbide Core Oxide Core Metallic Core Oxide Core 
BOC -10.2431 -13.5809 -53.8215 -56.8273 
EOC -12.3313 -14.8624 -56.5861 -59.0391 
 
JEFF-3.1.1 library 
Table 11: Control rod worth for JEFF library 
  Large Core (3600 MWth) Medium Core (1000 MWth) 
  Carbide Core Oxide Core Metallic Core Oxide Core 
BOC -9.3764 -13.4720 -52.2721 -56.0059 
EOC -11.3039 -14.5612 -52.6170 -56.8567 
 
The results show that the control rod worth for the medium cores is higher than that of the 
large cores. This is mainly because the ratio of control assemblies vs. driver assemblies is higher 
in the medium cores. The results show also a slight tendency to increase in the control rod worth 
at the end of cycle. 
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5.6 Average nuclide concentrations for end of equilibrium cycle  
Table 13 shows the average concentration of isotopes in each core, in atoms/barn-cm units, as 
well as the total mass of each element and the transuranics conversion ratio calculated with those 
values. 
Table 12: Average nuclide masses for EOC 
 
  Large Core (3600 MWth) Medium Core (1000 MWth) 
 
  Carbide Core Oxide Core Metallic Core Oxide Core 
Is
o
to
p
ic
 n
u
m
b
er
 d
en
si
ty
 (
at
o
m
s/
b
ar
n
-c
m
) 
U234 2.5218E-06 2.5785E-06 2.2540E-06 2.5835E-06 
U235 3.2056E-05 2.6448E-05 2.4910E-05 1.7598E-05 
U236 5.4927E-06 5.3237E-06 3.2119E-06 3.4640E-06 
U238 2.0406E-02 1.7857E-02 1.8306E-02 1.4567E-02 
Np237 6.8320E-06 6.4729E-06 6.9146E-05 3.3481E-05 
Pu238 9.4650E-05 9.0555E-05 1.3728E-04 1.2051E-04 
Pu239 2.0714E-03 1.9718E-03 2.4407E-03 1.9349E-03 
Pu240 1.1135E-03 1.0880E-03 1.5138E-03 1.3992E-03 
Pu241 2.2015E-04 2.1028E-04 2.3029E-04 2.2181E-04 
Pu242 3.5197E-04 3.3926E-04 3.4633E-04 3.0840E-04 
Am241 4.7909E-05 4.6929E-05 1.3761E-04 1.0937E-04 
Am242g 1.4895E-08 1.4324E-08 0.0000E+00 4.4908E-08 
Am242m 1.5209E-06 1.6358E-06 9.8784E-06 1.7672E-06 
Am243 3.2289E-05 3.4522E-05 1.1341E-04 9.9565E-05 
Cm242 2.6600E-06 2.6992E-06 8.8652E-06 1.0181E-05 
Cm243 7.6390E-07 1.4749E-07 5.5844E-07 7.8753E-07 
Cm244 5.3449E-06 7.0278E-06 7.6167E-05 7.8720E-05 
Cm245 7.2689E-07 4.4130E-07 1.7600E-05 2.0725E-05 
Cm246 6.3135E-08 1.9019E-08 9.9274E-06 1.3553E-05 
m
as
s 
(k
g)
 U 63974 61671 10091 10767 
Pu 12136 12843 2587 3342 
Am 260 291 146 194 
Cm 31 36 64 100 
Transuranics Conversion 
Ratio 1.14 0.82 0.74 0.75 
 
It was discussed earlier that the results indicated that the transuranics conversion ratio is 
higher for the large cores than for the medium cores and it can be confirmed comparing the 
composition of the fuel at the beginning and end of cycle. 
In the core description file provided by the Generation IV International Forum (GIF), they 
said that the transuranics conversion ratio of the medium cores was around 0.7, and that can be 
confirmed with those results. The working mode of each core thus is breeder for the carbide core, 
converter/breeder for the large oxide core and burner for the medium cores. 
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5.7 Radial power distribution 
The following series of pictures show the distribution of the thermal power in each core for 
beginning and end of cycle. It can be seen that there is a tendency to have the power output 
increased on the inner core and constant or decreased on the outer core. This depends a lot on the 
transuranics conversion ratio at each type of fuel. For example in the large carbide core, the 
TRU.CR is 1.27 for the inner core and 1.01 for the outer core. This means that the outer core will 
be more critical at the beginning, while the inner core will breed Plutonium and will be more 
critical at the end.  For all the cores, the TRU.CR is higher for the inner subassemblies than for 
the outer ones. 
 
Large carbide core 
BOC 
 
Figure 31: Power distribution for the large carbide core, BOC  
EOC 
 
Figure 32: Power distribution for the large carbide core, EOC  
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Large oxide core 
BOC 
 
Figure 33: Power distribution for the large oxide core, BOC 
EOC 
 
Figure 34: Power distribution for the large oxide core, EOC 
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Medium metallic core 
BOC 
 
Figure 35: Power distribution for the metallic core, BOC  
 
EOC 
 
Figure 36: Power distribution for the metallic core, EOC 
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Medium oxide core 
BOC 
 
Figure 37: Power distribution for the medium oxide core, BOC  
 
EOC 
 
Figure 38: Power distribution for the medium oxide core, EOC  
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Conclusions 
 
This thesis documented a parametric study performed for four core designs of Sodium Fast 
Reactors (SFRs): the large core of 3600 MWth with oxide or carbide fuel, and the medium core of 
1000 MWth with oxide or metallic fuel. The SERPENT code is chosen in simulations to obtain 
the global safety parameters: core multiplication factor, sodium void worth, Doppler constant, 
effective delayed neutron fraction, control rod worth, average nuclide concentrations for end of 
equilibrium cycle and radial power distribution. 
The results obtained show that the four cores remain slightly supercritical through the whole 
equilibrium cycle. The multiplication factor remains constant at the end of cycle for the large 
cores, and is reduced in the medium cores. This reflects from the fact that the transuranics 
conversion ratio is higher for the large cores. The effective delayed neutron fraction is very 
similar among all cores and doesn’t show a significant change through the equilibrium cycle.  The 
sodium void worth is higher for the medium cores due to having more Americium in proportion, 
and it shows a small increase at the end of cycle. The Doppler coefficient has a value of 
approximately -2 for all cores except for the metallic core, which has a value of -1. The control 
rod worth is higher for the medium cores due to them having more control rods in proportion than 
large cores. The power distribution shows that the fresh cores have the inner fuel colder than the 
outer fuel, and that the inner fuel becomes hotter at the end of cycle. 
The metallic core shows the worst results of all in terms of safety, with a low Doppler coefficient 
and a high sodium void worth. This can be countered with the reactivity insertion of the control 
rods, which is significant. On the other side, the large oxide core shows better results, with a 
higher Doppler constant versus sodium void worth ratio, but at the expense of less control rod 
worth than the medium cores. 
The cross section library choice seems to have a big impact on the results. This is very significant 
in the Doppler coefficient, with a very high statistical dispersion of results. The JEFF library has a 
tendency to cause SERPENT to deliver higher multiplication factors than with the ENDF. 
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